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The ESR response from highly metal-semiconductor(M-SC) separated SWCNTs for temperatures 
T between 0.39 and 200 K is characteristically different for the two systems. The signal originates 
from defect spins but interaction with free electrons leads to a larger line width for M tubes. The 
latter decreases with increasing T whereas it increases with T for SC tubes. The spins undergo a 
ferromagnetic phase transition below around 10 K. Indirect exchange is suggested to be responsible 
for the spin-spin interaction, supported by RKKY interaction in the case of M tubes. For SC tubes 
spin-lattice relaxation via an Orbach process is suggested to determine the line width. 

PACS numbers: 73.22.-f;72.25.Rb 



INTRODUCTION 

Electron spin resonance from single-walled carbon 
nanotubes (SWCNTs) has been a subject of extensive 
studies in the recent past, starting in 1997 [l[ and con- 
tinuing until most recently a set of new papers [H-Q ap- 
peared. In several of the early papers response from lo- 
calized and itinerant spins was claimed as well as from 
various collective phenomena such as ferromagnetic or 
antiferromagnetic ordering or even superconductivity 0- 
[tJ. The discussion about the observation of spins from 
itinerant electrons entered a new state with the publi- 
cation of a recent theoretical work Q where electrons 
in a Tomonaga-Luttinger liquid state (TLL) were postu- 
lated to have an extremely broad ESR absorption line, 
even at temperatures below 4 K. The TLL state was well 
demonstrated for SWCNT from photo emission. It is a 
consequence of the quasi-onedimensional (ID) nature of 
the electrons in the tubes 0, ■ 

The discovery of possibilities to quantitatively separate 
semiconducting (SC) and metallic (M) tubes QTIlLII can 
be considered as a crucial step forward to tackle the prob- 
lem, particularly if tubes were grown from non-magnetic 
catalysts [13[. This finding allowed for the possibility 
to study the ESR response separately in the two types of 
tubes. Preliminary results were published recently for SC 
tubes immersed into ethanol as a tube carrying medium 
However, in this case the solvent was interacting with 
the tubes obscuring intrinsic properties. 

Here we report on ESR from fully M-SC separated 
SWCNTs grown from a non-magnetic PtRhRe catalyst. 
Even though no response from itinerant electrons could 
be detected down to 0.39 K significant differences in the 



ESR response were observed for the first time from the 
localized spins in the two tube systems. The differences 
were particularly obvious for the line widths which were 
strongly enhanced at low temperatures for the M tubes 
and decreased with increasing T. In contrast, for the SC 
tubes, they were rather small at low temperatures but in- 
creased with T. For the ESR susceptibility a Curie- Weiss 
behavior was observed with ferromagnetic coupling. At 
T c a ferromagnetic state is obtained, without contribu- 
tions of magnetic components. Interaction of the spins is 
suggested to be by indirect exchange with an additional 
contribution of long range RKKY type interaction for the 
M tubes. In the latter this interaction also dominates the 
line width whereas for the SC tubes the increase of the 
line width with T is ascribed to spin lattice relaxation 
via an Orbach process. 



EXPERIMENTAL 

Single-walled carbon nanotubes with an average di- 
ameter of 1.6 mn were grown by laser ablation using 
a PtRhRe catalyst and M-SC separated to better than 
97% as described previously 13j. Bulk properties of the 
samples were characterized by transmission electron mi- 
croscopy (TEM), X-ray diffraction and transport mea- 
surements. TEM revealed a clear bundling of the tubes 
with a bundle size between 20 and 100 nm and tapered 
ends From X-ray diffraction a bundle peak at 

q = 3.75 nm -1 was observed with slightly smaller and 
larger values for the M and for the SC tubes, respec- 
tively. This corresponds to an average tube diameter of 
1.6 nm in agreement with the observation from TEM. 
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Conductivity measurements revealed an almost temper- 
ature independent resistivity for the metallic tubes, fol- 
lowing weak localization behavior. This indicates good 
contact and evidences some 3D character of the metallic 
tubes. In contrast, SC tubes exhibited an exponential 
increase of the resistivity with decreasing temperature 
following a variable range hoping behavior [14J. ESR 
experiments were performed at X-band frequencies of 
9.45 GHz (39.07 fieV) in the temperature range between 
1.5 and 200 K with low power (30 dB) to avoid satura- 
tion. For temperatures between 0.39 and 1.7 K a cylinder 
resonator was used built into a He3 refrigerator and a su- 
perconducting magnet. In this case microwave power was 
limited to 45 dB. 

Samples from 500 °C vacuum annealed tubes were pre- 
pared as bucky paper with high (Ptl) and low (Pt2) 
thickness compared to the skin depth of the microwaves. 
The latter was evaluated from the dc conductance. The 
tubes were inserted into a standard ESR quartz tube and 
pumped to high vacuum before measurement. 

Spin concentration was estimated by a comparison to 
a "strong pitch" calibration sample from Bruker. This 
sample consists of pitch embedded into a KC1 matrix 
with a standardized spin concentration of 1.2 xlO 15 spins 
per cm length in a standard 4 mm ESR quartz tube 
with 3 mm inner diameter. Calibration was performed at 
1.5 K where the peak to peak line width is 1.7 G. Consid- 
ering the reduction of cavity quality factor by the nan- 
otube samples we obtained 7.5 xlO 17 spins/g for the M 
tubes and 12xl0 17 spins/g for the SC tubes. Within ex- 
perimental error this is the same spin concentration and 
results in 1 spin per 1000 carbon atoms. 

The ESR spectra were fitted considering a dispersive 
signal contribution. Samples with high thickness behave 
textbook like as the M tubes show a well expressed asym- 
metry in the absorption whereas the absorption in the SC 
tubes remains nearly symmetric. Results for low temper- 
ature recording are depicted in Fig. [TJ For the case of the 
low thickness samples the ESR response is nearly sym- 
metric. The remaining slight asymmetry was found to 
be well represented by the derivative of a Dysonian line 
shape of the form 



d\ -2A{B - B )wcos< 
dB ~ (w 2 + (B — B ) 2 ) 2 



,2 _ (B - B ) 2 )Asm, 
(w 2 + (B — B ) 



where A,Bq,w, and <j> are fitting parameters describing 
the signal amplitude, the resonance field, the line width, 
and a phase angle. For ^Oa contribution of the dis- 
persive component of the susceptibility to the absorption 
line appears. Since the analysis for the low thickness 
samples is much simpler, in the following results are re- 
ported only for the latter. The ESR susceptibility was 
evaluated as x °c Aw 2 . 



PtSC1 
1.5 K 



D = 30 ^im _ 




3330 3360 3390 3420 
Magnetic field (G) 



PtSC2 




D = 10 urn 


1.5 K 


/ 










J 









3330 3360 3390 3420 
Magnetic field (G) 



3300 3350 3400 3450 
Magnetic field (G) 



PtM2 
1.85 K 



3360 3390 3420 
Magnetic field (G) 



FIG. 1: Derivative of ESR absorption for bucky paper samples 
of different thickness D as indicated. Left side graphs: SC 
tubes, right side graphs: M tubes. The smooth lines in the 
lower graphs are fits using Eq. [1] with g = 2.0043. For the 
fits of the upper graphs the anomalous skin effect had to be 
considered [14. [1511. 



RESULTS 

According to Ref. @ the line widths for the itinerant 
electrons should be around 1000 G at 4 K for a TLL pa- 
rameter K s = 1.1. For a very small decrease of K s due to 
bundling of only metallic tubes and for temperatures as 
low as 0.4 K the line width should reduce to about 50 G, 
well within the range observable in our experiment. How- 
ever, even at the lowest temperature of 0.39 K no extra 
broad line is observed with a free carrier response signa- 
ture. 

For the narrow lines depicted in Fig. [T]we observe char- 
acteristic differences in the line widths between SC and 
M tubes with respect to their dependence on tempera- 
ture and with respect to their values at low temperatures. 
The line width increases with decreasing temperature for 
the M tubes but decreases for the SC tubes. As a conse- 
quence, at low temperatures the line width for the former 
is significantly larger as compared to the line width of the 
latter. Examples are depicted in Fig. [5J The increase of 
the line width for low temperatures is particularly dra- 
matic for the M tubes before annealing. The fit with an 
inverse power law yields 0.205 for the exponent and a con- 
stant residual line width of 3.3 G. The observed increase 
in line width ( excess line width) is more than a factor two 
from its residual width. For the annealed tubes a similar 
power law behavior is obtained for high and intermediate 
temperatures but the increase stops and levels off around 
10 K. In all cases the negative exponent is 0.2±0.05. 

For SC tubes the line width increases with temperature 
at least for high and intermediate temperatures, first in 
a quasi-linear manner with a trend to saturate for higher 
temperatures. The total increase amounts up to 2 G for 
the temperature range under study. The initial slope 
varies with sample treatment and decreases with tube 
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FIG. 2: ESR line width for M (left) and SC (right) tubes. Blue 
triangles: unannealed tubes, black squares and red bullets: 
two different annealed tubes. Blue line: inverse power law 
fit to the triangles as indicated. SC tubes: two examples for 
annealed tubes. Insert: blow up for SCa2 at low temperature. 
The full drawn line is an inverse power law fit. 



annealing. At temperatures between 20 and 30 K the line 
width becomes almost temperature independent with a 
noticeable re- increase for T — > and a peak around 8 K. 
Due to the strong signal at these temperatures the line 
widths were determined with a RMS error of ±0.009 G 
which is approximately two times the size of the red dots 
in the insert. 

In addition to the line width, the magnetic suscepti- 
bility was evaluated from the ESR signal as a function of 
temperature. The temperature dependence of \ exhibits 
a maximum value around 10 K but is 1/T like for higher 
temperatures. As a consequence at high temperatures 
the lines are hardly detectable but recorded with high 
precision at low temperatures. Figure[3]depicts examples 
for M and SC tubes. The peak in the ESR susceptibility 
coincides well with the leveling of the line width for the 
M samples at low temperatures and with the re-increase 
of the line width for the SC samples. Using a Curie- Weiss 
law for x as x 1/(7" — ^) renders the spin-spin interac- 
tion as ferromagnetic rather than anti-ferromagnetic as 
the linear regressions in Fig. [3] intersect the temperature 
axis at positive values. The observed peak in x(T) sug- 
gests a transition to a ferromagnetic state with a finite 
distribution of transition temperatures. 



DISCUSSION 

The lack of the observation of additional ESR contri- 
butions from free carriers is consistent with a full TLL 
state of the electrons even in the bundled metallic tubes 
with relaxed ID character. It is also consistent with re- 
cent experiments from photo emission where for metallic 
tubes TLL signatures were observed in the spectral func- 
tion 
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The localized spins can be assigned to various defects 
such as single bonded covalent functionalization or de- 
fects on or inside the tubes. The defect concentration 
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FIG. 3: Temperature dependence of ESR susceptibility \ oc 
Aw 2 for two samples as evaluated from amplitude A and line 
width w for M (upper graphs) and SC tubes (lower graphs), 
respectively. Right part: l/^vsT in each case, together with 
a linear regression. 8m, av and #sc,a V : averaged intersections 
of the regressions with the temperature axis. 



is similar to the value of 2.5 x 10~ 3 /C reported in Q 
from magnetic measurements but considerably higher 
than values of 1.5 x 10~ 6 given in Q. The high spin 
concentration observed here is not surprising since both, 
purification and separation introduce defects. This is also 
evidenced from Raman scattering which revealed an in- 
crease of the D/G ratio by 33% from 0.06 to 0.08 (515 nm 
laser) for the SC tubes and by 57.5% from 0.13 to 0.21 
(647 nm laser) for the M tubes. The defects are in strong 
interaction with the tubes leading in general to similar 
behavior for M and SC tubes. However, as far as tran- 
sition temperatures and spin relaxation are concerned, 
significant differences are observed. 

Wave functions of the defect spins are in general spread 
out over a considerable number of hexagonal cells. For 
example, DFT calculations for hydrogen bonded to a 
small capped (3,3) SWCNT yield a spin distribution over 
5 and 8 hexagons in axial and radial direction, respec- 
tively 17j. This provides the possibility of exchange in- 
teraction in spite of the large distance between spins. The 
interaction can be particularly enhanced by the indirect 
exchange mechanism across the carbon lattice, and, for 
M tubes, by interaction with free carriers according to 
the RKKY mechanism. 

In the suggested ferromagnetic state we do not observe 
the ESR response from the magnetically ordered spins, 
since the easy axes of the magnetic regions are randomly 
oriented following the random orientation of the nano- 
tubes or bundles of nanotubes. Magnetic anisotropy can 
be traced back to an anisotropic curvature perpendicu- 
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lar and parallel to the tube axis and the concomitant 
anisotropy in the SO coupling. 

Magnetic properties from defects in carbon systems 
have been reported in several publications |18l420( . Ap- 
parently transversal extension of the tubes or the 3D 
nature of the bundles is enough to allow ferromagnetic 
or anti-ferromagnetic interaction but it is not enough to 
suppress TLL nature of the electrons. A decrease of spin 
susceptibility at low temperatures was recently reported 
for unseparated SWCNTs Q and speculated to originate 
from a spin gap opening or from an anti-ferromagnetic 
ordering of the defect spins as it was suggested for the 
magnetic behavior of nanohorns plj . The low concen- 
tration of defect spins in [H| may be a problem for such 
interpretation. In contrast, in our case with the much 
higher spin concentration the temperature dependence 
of the inverse susceptibility exhibits clear ferromagnetic 
coupling for SC and M tubes. Indications for weak ferro- 
magnctism in small parts of nanotubc samples were also 
reported from magnetization measurements of SWCNT 
with high concentration of defect spins in Q . However 
in this case it was suggested that ferromagnetic ordering 
occurs in metallic tubes only. 

In the M tubes the transition temperatures 8m as eval- 
uated from the linear regressions are almost a factor two 
higher than in the SC tubes. This is suggested to be due 
to the additional spin-spin interaction mediated by the 
free carriers. In low dimensional electronic systems the 
RKKY type interaction is very efficient since it extends 
as 1/R D where R is the distance between two spins and 
D is the dimension of the system (22j . In SWCNT it is 
particularly interesting since Fermi wave vectors can be 
either zero or 2tt/3G where G is the NT translation vec- 
tor [2j| . As a consequence the RKKY interaction is not 
oscillatory, at least not for tubes with k-p = 0. RKKY 
interaction is likewise important for the transition tem- 
peratures and for the line widths and was shown in [23 1 
to decrease with increasing T . 

The increase of the line width with increasing temper- 
ature for SC tubes suggests spin-lattice interaction (SLI) 
as the relevant process for spin relaxation. SLI is usually 
mediated by either a direct process which is linear in T, a 
Raman process which goes with a high power of T or an 
Orbach process. Since only the latter exhibits saturation 
with T it is natural to invoke it for the description of the 
experiments. On the other hand, the re-increase of the 
line width at very low temperatures indicates additional 
contributions. Since it is suggestive that this increase 
is related to the ferromagnetic phase transition with the 
statistically distributed transition temperatures a Gaus- 
sian temperature dependence is appropriate for its de- 
scription. Considering homogeneous and inhomogeneous 
contributions we describe the line width obtained from 
the Dysonian fits as 
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FIG. 4: ESR line width w for semiconducting samples versus 
temperature T. Squares: Line width from the experiment, 
line: fit according to Eq. [2] (left) and explicit representation 
of the fit components (right). Fit parameters were A = 5.1 G, 
A = 45.1 K for the Orbach relaxation and A s = 2.7 G, T g = 
5.2 K, w g = 69 K for the Gaussian distribution, and u>o = 
3.2 G for the background. The insert shows the scheme for 
the Orbach process. 



where Al is a Lorentzian type homogeneous line width 
following an Orbach relaxation Al = Aexp(— A/T) and 
d g = ^4 g exp(— (T — T g ) 2 /Wg) considers the line width 
from Gaussian fluctuations and possible concomitant 
variations of g values, wq is a temperature independent 
background line width. This Pythagorayan addition of 
line width components is a commonly used approxima- 
tion which mimics a folding procedure [24[. A and A 
in the expression for the Orbach process are the ener- 
getic distance to a higher electronic state for the spin 
excitation, and a scaling prcfactor. A g , T g , and w g are 
the parameters of the distribution from inhomogeneous 
fluctuations. As shown in Fig. 01 Eq. [2] provides a very 
good representation of the experiments with A, A, A g , 
T g w g , and wq as parameters. From the parameter val- 
ues in the caption of Fig. 3] the excitation energy is 3.8 
meV (45.1 K). Applying the same fitting procedure to 
the other sample gave very similar values. A was in par- 
ticular found to be 44.5 K for the second sample. 

In the case of a spin-lattice relaxation by an Orbach 
process the excited spin state \b) and the ground state 
I a) are coupled by a perturbation Hamiltonian H' to 
an intermediate split off electronic state | ± c) to which 
spins are excited before relaxation. A scheme of this 
process is depicted in Fig. |4j The perturbation is in gen- 
eral phononic or vibronic. In the original work of R. 
Orbach [25| the extra electronic state came from crystal 
field splitting. Due to the large number of defects in our 
samples a rather large number of possible excited states 
can be expected which supports a spin-lattice relaxation 
by an Orbach process. 

The increase of the line widths for T < 20 K in the SC 
tubes is the signature of fluctuations when approaching 
the phase transition. The values from Fig. [3] for T c = 
4.5 ± 1.4 K are in good agreement with the value of T g = 
5.2 K used for the fit in Fig.0J Fluctuations along with 
structural phase transitions arc well known to broaden 
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ESR lines. (2(|[27| This broadening often follows a power 
law of the form a/(T — T c ) m with m of the order of 1. 
The fit depicted in the insert of Fig. [5] yields m = 0.22, 
slightly smaller than expected. This deviation is very 
likely due to the statistical distribution of T c with the 
concomitant flattening of the slope. 

For the metallic tubes a decrease of line width with 
increasing temperature is observed. Since in our case 
the defect spins are localized and do not show activated 
behavior motional narrowing can be ruled out for an ex- 
planation. Increasing and even diverging line widths for 
decreasing T were also reported for metallic spin systems 
which undergo a transition to a spin glass [271 ]. However, 
in this case line widths of the order of 100 G are expected. 
Since this is not observed here we are left with an indi- 
rect exchange mechanism as responsible for the increase 
of line with decreasing temperature. In the metallic tubes 
this mechanism has a strong contribution from the free 
carrier RKKY interaction which increases with decreas- 
ing temperature as described above. 

One may certainly ask why spin lattice interaction e.g. 
in the form of an Orbach process is not active for the 
metallic tubes. Such behavior can indeed not be ruled 
out. As it would partly compensate the negative tem- 
perature coefficient observed for the metallic tubes such 
relaxation would result in an even stronger decrease of 
line width with temperature for the metallic tubes. 

The surprise in the results for the line width concerns 
not only the different temperature dependence but even 
more the considerably larger line width for the M tubes as 
compared to the SC tubes at low temperatures. This, to- 
gether with the different temperature dependence, leads 
to a crossover of the line widths with increasing temper- 
ature. While the ratio between the excess line width for 
the M tubes and for the SC tubes is 3.2 at 1.5 K on av- 
erage, it is only 0.6 at 200 K. This is suggested to be 
a consequence of the increasing spin-lattice interaction 
with increasing T and the simultaneous decrease of the 
line width due to the decreasing RKKY interaction. 

SUMMARY 

In summary we have shown that M-SC separated 
SWCNT reveal significant differences in their ESR re- 
sponse. While for both types of tubes a ferromagnetic 
temperature dependence is observed for the spin suscep- 
tibility, the latter levels off at characteristic temperatures 
$sc,m and eventually decreases. This is interpreted as a 
transition to a ferromagnetic state. The difference in the 
transition temperature for the two tube systems is sug- 
gested to originate from an RKKY type interaction of the 
spins with the free carriers in the M tubes. Even more 
dramatic is the observed difference in the temperature 
dependence of the line width for the two tube systems. 
It decreases with increasing temperature for the M tubes 



but increases for the SC tubes. Since the behavior of 
the metallic tubes follows the temperature dependence 
of the RKKY interaction the latter is suggested to be 
responsible for the line narrowing. In contrast, for SC 
tubes an Orbach type relaxation process is suggested to 
be responsible for the broadening of the ESR lines width 
increasing temperature. 
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